(Gossypium hirsutum L.) squares or bolls, depending on availability in the field, and were subsequently held without food in the same environment in which they were fed. Survival of weevils fed outdoors exhibited a marked seasonal pattern in which greater survival was associated with the later cohorts. However, survival of cohorts fed and held under controlled conditions exhibited no seasonal pattern. When survival was adjusted for degree-day accumulations, using a base temperature of 12.8°C, differences in survival curves of weevils fed outdoors were reduced but not eliminated. During the periods of highest degree-day accumulations, most cohorts fed outdoors for 21 d exhibited greater survival than those fed outdoors for 28 d, and survival tended to be greater for weevils fed under controlled conditions than for weevils fed outdoors. These observations suggest the feeding period duration influenced subsequent survival. The observed influence of temperature on host-free survival suggests the opportunity to reduce overwintering weevil populations in subtropical regions through a delayed planting tactic.
The overwintering ecology of the boll weevil, Anthonomus grandis Boheman, in the subtropics is poorly understood (Rummel and Summy 1997) . The recent initiation of a boll weevil eradication program in the Lower Rio Grande Valley of Texas accentuates the need for such information. In particular, knowledge of seasonal patterns of host-free survival may indicate opportunities to improve the timing of fall diapause sprays or to maximize fallow-season mortality through cultural practices.
Numerous studies have examined aspects of boll weevil overwinter survival, including comparisons of overwintering habitat (Bondy and Rainwater 1942 , Brown and Phillips 1989 , Carroll et al. 1993 , Davis et al. 1975 , weevil activity during the overwintering period (Gaines 1936 , Hinds and Yothers 1909 , Jones and Sterling 1978 , meteorological factors influencing survival and emergence (Gaines 1943 , Parajulee et al. 1996 , Pfrimmer and Merkl 1981 , Price et al. 1985 , Reinhard 1943 , Westbrook et al. 2003 , or emergence and survival patterns in reference to the time of entry into overwintering (Gaines 1935 , Sterling 1971 , Taft et al. 1973 . Most of these studies were conducted in the temperate cottonbelt with a focus on late-summer and fall weevil populations typically associated with maturing cotton, Gossypium hirsutum L.
However, in the Lower Rio Grande Valley of Texas, cotton is frequently planted as early as February, and harvest activities are typically complete by early-to mid-August. Furthermore, weevils in subtropical Texas apparently do not frequent the same overwintering habitats as their temperate counterparts (Graham et al. 1978) and are known to continue reproduction on regrowth and volunteer plants during the fallow season (Summy et al. 1988) . Therefore, results of survival studies in more temperate settings provide few insights regarding subtropical weevil populations. The objective of this study was to examine the host-free survival of a subtropical population of the boll weevil and to gain insights into the mechanisms responsible for observed seasonal patterns.
Materials and Methods
Experimental insects. Host-free survival was assessed for 9 distinct cohorts of weevils emerging as adultbetween early-June and early-November 1994. Respective cohorts were reared from infested squares (flower buds) collected from cotton on 17 May, 3 and 21 June, 26 August, 22 September, and 21 October, and from infested boils (fruit) collected on 14 June, 12 July, and 9 August. In each case, infested fruiting forms were collected from plants within an unsprayed commercial planting of cotton near El Ranchito, TX, except for 1 cohort reared from boils that were collected 9 August from near Rio Bravo, Tamaulipas, MX, and 1 cohort reared from squares collected 26 August from near La Joya, TX. Collections of fruiting forms after the mandated 1 September crop destruction deadline were facilitated by a waiver received from the Texas Department of Agriculture.
Collections of infested fruiting forms were held outdoors in 30.5 x 30.5 x 30.5-cm screened cages. Cages were held on shelves of a wooden rack where they were protected from rain and exposure to direct sunlight by a plywood roof and two layers of fiberglass window screen on the sides and back of the rack. Fruiting forms within the cages were occasionally misted to runoff with water to prevent desiccation. Cages were examined daily for the presence of adult weevils. Because newly-emerged adults often remained hidden among the fruiting forms, when adults were first observed the contents of the cages were searched and all emerged adults were discarded. Newly-emerged adults were then obtained by searching the cages each subsequent day until emergence ceased. Each cohort was identified by the first date (month-day) on which weevils were retained for study, although experimental weevils from respective cohorts emerged over periods of 1-8 d. Because of concern that adult weevils may emerge undetected from food that was provided to the cohorts, beginning with the third cohort (6-29) adults were marked on 1 elytron with nontoxic paint (Speedball Painters, Hunt Manufacturing, Statesville, NC) within 1-2 d of emergence. Use of different colors of paint allowed weevils emerging on consecutive days to be fed within the same cages rather than maintaining separate cages for each day of emergence.
Feeding treatments. Weevils from each of the 9 cohorts were held outdoors and fed for 21 d. Additional weevils, when available, were fed outdoors for 28 d (6 cohorts), or held and fed within an environmental chamber (29.4 ± 1°C, 13:11 h [L:D] photoperiod) for 21 d (5 cohorts). During the feeding periods, adults were held in screened cages (either 20.3 x 20.3 x 20.3-cm or 30 .5 x 30.5 x 30.5-cm). Cages containing weevils fed outdoors were housed on the same rack as the emergence cages. Up to 50 weevils were confined in each small cage, and 100-150 weevils were held in each of the larger cages.
During the feeding period each cage contained a water source composed of a plastic vial with a cotton wick extending through the lid. Depending on the food types available in the field, weevils were provided either 2 squares per weevil, or 2 bolls per 5 weevils, replaced 3x weekly. The buds of squares were typically -6 mm in diameter. Boils were the smallest available, but diameter occasionally exceeded 25 mm. Both food types were often marked by weevil feeding or oviposition punctures at the time of their collection, and their bracteoles were removed before they were provided to the weevils. Cohorts 6-1, 6-13, 9-5, and 10-4 were fed squares. Other cohorts were fed boils except for cohort 8-10. Cohort 8-10 was fed boils for the initial 9 d, and squares for the remainder of the feeding period because sufficient numbers of boils were not available. Beginning with the third cohort, unmarked weevils discovered during the feeding periods were discarded.
Determination of host-tree survival. At the end of the feeding periods, weevils were removed from the feeding cages and reassigned to screened survival cages. Each survival cage (30.5 x 30.5 x 30.5-cm) was equipped with a water vial and a refuge consisting of an aluminum pan (20.3 x 20.3 x 5-cm) containing 3-4 cm of moist sand and covered by a 45 x 45-cm sheet of craft paper which was crumpled. Sand in the refuges was periodically moistened with water. Survival cages were then maintained in the assigned environment (outdoors on the rack or within an environmental chamber).
Because this study was conducted in conjunction with a companion study of seasonal patterns of juvenile hormone esterase titers (results not reported here), 0.2-1.0-pL samples of hemoiymph were collected from most weevils by puncturing the pronotum near the midline with the tip of a 20-gauge hypodermic needle and collecting the hemoiymph in a glass microcapiliary tube. All weevils, whether bled or not, were repainted on the elytron and labeled with an identifying number using a technical pen.
Each cohort of weevils fed outdoors for 21 d was represented by 2 cages of bled weevils, and 1 (cohort 6-1) or 2 (other cohorts) cages of weevils that were not bled. With one exception (1 cage of unbied weevils, cohort 6-30), each survival cage contained 50 weevils. The 2 cages of bled weevils from the 6-1 cohort contained 27 females and 23 males, and 23 females and 27 males, respectively, and the cage of unbied weevils contained 29 females and 21 males. One of the cages of unbied weevils corresponding to the 6-30 cohort contained a total of 22 weevils (12 females, 10 males). All other survival cages for weevils fed for 21 d outdoors contained 25 weevils of each sex.
Cohorts 6-13, 6-29, 7-18, 8-10, 9-5, and 10-4 were each represented by a single survival cage of bled weevils fed outdoors for 28 d. Each cage contained 25 weevils of each sex, except for cohort 8-10 (19 females, 31 males). In addition, cohorts 6-29, 7-18, 8-10, 9-5, and 10-4 were each represented by a single survival cage of bled weevils fed for 21 d within an environmental chamber. Each of these cages also contained 25 weevils of each sex except for cohort 9-5 (29 females, 21 males).
The mortality status (alive, dead) of each weevil was recorded weekly until all weevils were dead. Weevils that escaped or were accidentally killed were recorded as right-censored observations. In addition, daily weather records (minimum and maxi-mum temperatures) corresponding to the survival periods were obtained from a weather station at the Texas A&M Research and Extension Center adjacent to the study site.
Statistical analyses. Comparisons of survival functions among cohorts within feeding treatments, and between feeding treatments within cohorts, were of primary interest. These tests were based on the log-rank statistic of PROC LIFETEST (SAS Institute 2002). Because weevils within a feeding treatment were arbitrarily assigned to cages, duplicate cages were considered to represent samples from the same population. Also, tests computed by PROC LIFETEST do not make use of the variance among subsamples. Therefore, survival data for weevils in different cages within the same cohort and feeding treatment were pooled for survival analysis.
Before comparisons could be made among cohorts or feeding treatments, it was necessary to conduct preliminary analyses to examine the possible influences of weevil gender and the collection of blood samples (bled status). For weevils fed outdoors for 21 d, this involved first testing within each cohort for differences in survival functions between weevil sexes (GROUP = SEX option of PROC LIFETEST) while controlling for bled status (STRATA BLED statement). Survival curves were then similarly compared between levels of bled status while controlling for weevil sex. Subsequent analyses were conducted controlling for sex and/or bled status whenever the tests involved cohorts within which these factors were found to influence survival. Preliminary tests were similarly conducted for weevils fed outdoors for 28 d, and for those fed within a controlled environment for 21 d. Because all weevils within these latter feeding treatments were bled, only the effects of weevil sex were examined.
Within each feeding treatment, all cohorts were simultaneously compared for heterogeneity among their survival functions. When PROC LIFETEST indicated differences among the survival functions, subsets of the cohorts were tested to establish groups of cohorts with homogeneous survival functions. Additional tests in which survival curves were adjusted for temperatures occurring during the survival period were conducted using the same analytical procedure. In those tests, degree days, ([daily maximum temperature + daily minimum temperature]/2)-12.8°C = DD 1281 were accumulated weekly for each weevil. The baseline temperature of 12.8°C was arbitrarily selected based on the report of low-temperature inhibition of reproductive development at that temperature (Spurgeon and Raulston 1998) .
Finally, pairwise comparisons between cohorts fed outdoors for 21 d and those fed outdoors for 28 d, or fed under controlled conditions for 21 d, respectively, were made for each cohort. These tests were conducted both for weeks of survival, and for accumulated DD 12 8
Results
Seasonal survival of weevils fed outdoors for 21 d. Analyses of individual cohorts controlling for weevil sex indicated differences in survival corresponding to bled status for 3 of the 9 cohorts (Table 1) . Observed effects of bleeding on survival did not appear to correspond to a seasonal pattern. Where differences were detected (cohorts 6-29, 7-18, and 10-4), survival of weevils that were not bled tended to be greater than for weevils that were bled.
Analyses controlling for bled status indicated the host-free survival of male and female weevils differed in 4 of the 9 cohorts ( Table 2) . Survival of females appeared slightly higher than that of males in cohort 6-29, whereas in the other 3 cohorts exhibiting differences (cohorts 7-18, 10-4, and 11-3), survival of males tended to be greater than that of females. Analyses including all cohorts and controlling for weevil sex and bled status indicated differences in survival functions among the cohorts (Log-rank chi-square = 636.13, df = 8, P< 0.01; Fig. 1 ). Further examination identified 4 groups of cohorts with homogeneous survival curves: (1) cohorts 6-1, 6-13, 6-29, 6-30, and 8-10 (Logrank chi-square = 3.35, df = 4, P = 0.50); (2) cohort 7-18; (3) cohort 9-5; and (4) cohorts 10-4 and 11-3 (Log-rank chi-square = 0.01, df = 1, P = 0.91). Daily degree-day accumulations were high and relatively consistent from the beginning of the study (1 June) until early September (Fig. 2) . After early September, daily degree day accumulations became more erratic, and tended to decrease through December and then increase again through early May. With the exception of cohort 7-18, the seasonal pattern in survival appeared to correspond to general trends in degree-day accumulations during respective host-free periods, with the observed rates of mortality being least from early November to late March. Cohort 7-18 exhibited somewhat greater survival than did earlier cohorts or cohort 8-10 through most of the survival period, with 28.5% of weevils still alive after 4 Wks. Survival to 4 Wks in earlier cohorts ranged from 10% (cohort 6-29) to 18.2% (cohort 6-13). Survival to 4 Wks was only 10.2% for cohort 8-10, but the maximum longevity for any cohort also was observed in this cohort (30 Wks). Patterns in survival curves did not appear to correspond to weevil source or food type (squares, boils).
Examinations of all cohorts controlling for weevil sex and bled status, and using degree-day accumulations as the time variable, also indicated differences in survival functions among cohorts (Log-rank chi-square = 277.86, df = 9, P < 0.01; Fig. 3 ). Further testing identified 5 groups of cohorts with homogeneous survival curves: (1) cohorts 6-1, 6-13, and 7-18 (Log-rank chi-square = 1.70, df = 2, P= 0.43); (2) cohort 6-29; (3) cohort 6-30; (4) cohort 8-10; and (5) cohorts 9-5, 10-4, and 11-3 (Log-rank chi-square = 1.65, df = 2, P= 0.44). Overall, survival was greatest in the last 3 cohorts. Survival tended to be greater in the first group of cohorts (cohorts 6-1, 6-13, and 7-18) Cumulative DD 128 Beginning 22 June than in cohorts 6-29 and 6-30, although differences in the survival curves were relatively small. With the exception of 2 very long-lived weevils, survival tended to be lowest in cohort 8-10. Although the survival curves of cohorts 6-29 and 6-30 were statistically different, the evidence was weak (Log-rank chi-square = 4.12, df = 1, P = 0.04). This difference was apparently produced by higher survival in cohort 6-29 than in cohort 6-30 for the period between about 200-450 degree-days.
Seasonal survival of weevils fed outdoors for 28 d.
Analyses of individual cohorts indicated differences in survival corresponding to weevil sex in 2 of the 6 cohorts (Table 3 ). In cohort 6-29, survival of males was higher than that of females between weeks 2 and 7. However, in cohort 8-10 survival of females was higher than that of males between weeks 2 and 4. Despite the lack of consistent differences in the survival functions corresponding to weevil sex, subsequent analyses controlled for this factor.
Simultaneous comparisons of all cohorts indicated significant differences in their survival curves (Log-rank chi-square = 72.77, df = 5, P < 0.01; Fig. 4) . Additional analyses established two groups of cohorts with homogeneous survival functions: (1) cohorts 6-13, 6-29, 7-18, and 8-10 (Log-rank chi-square = 2.20, df = 3, P= 0.53); and (2) cohorts 9-5 and 10-4 (Log-rank chi-square = 2.47, df = 1, P= 0.12). The seasonal pattern of survival was generally similar to that for weevils fed outdoors for 21 d, with highest rates of survival corresponding to periods of lowest degree-day accumulations. As in the case of weevils fed for 21 d outdoors, survival patterns did not correspond to weevil source or food type.
When survival curves were adjusted for degree-day accumulations differences persisted (Log-rank chi-square = 46.35, df = 5, P < 0.01), but they appeared less pronounced (Fig. 5 ). Further analysis indicated 3 groups of cohorts with similar survival curves: (1) cohorts 6-13, 6-29, and 7-18 (Log-rank chi-square = 3.48, df = 2, P= 0.18); (2) cohort 8-10; and (3) cohorts 9-5 and 10-4 (Log-rank chi-square = 1.64, df = 2, P = 0.20). Survival was generally lowest for cohort 8-10 and greatest for cohorts 9-5 and 10-4. Therefore, seasonal patterns in survival curves adjusted for degree-day accumulations were similar to those for unadjusted curves, except that adjustment of the survival curves allowed cohort 8-10 to be distinguished from other cohorts.
Seasonal survival of weevils fed under controlled conditions. Analyses of individual cohorts did not indicate significant differences in the survival of weevil sexes (Table 4) , so subsequent analyses did not control for weevil sex. Also, analyses Cumulative DD 128 Beginning 22 June to simultaneously compare survival curves of all cohorts did not indicate differences among the cohorts (Log-rank chi-square = 3.83, df = 4, P= 0.43; Fig. 6 ). Therefore, survival curves did not reflect patterns corresponding to season, or weevil source or food type. Comparisons of weevil survival among feeding treatments. When survival was compared between respective cohorts of weevils fed outdoors for 21 or 28 d, Survival was recorded weekly, 'Censored' indicates the number of weevils lost or accidentally killed whose data was right-censored in the analyses. Controlling for weevil sex and bled status, differences were detected for 3 of the 6 cohorts. Survival tended to be greater for weevils fed for 21 d than for those fed for 28 d in cohorts 6-13 (Log-rank chi-square = 4.82, df = 1, P= 0.03), 7-18 (Log-rank chi-square = 15.65, df = 1, P< 0.01), and 8-10 (Log-rank chi-square = 23.22, df= 1, P < 0.01) (Figs. 1, 4) . However, corresponding differences were not observed for cohorts 6-29 (Log-rank chi-square = 1.14, df = 1, P = 0.29), 9-5 (Log-rank chisquare = 2.59, df = 1, P= 0.11), or 10-4 (Log-rank chi-square = 1.09, df = 1, P= 0.30). When survival was adjusted for degree-day accumulations, weevils fed for 21 d tended to exhibit greater survival than those fed for 28 d in 4 cohorts (6-13, Log-rank chi-square = 31.70, df = 1, P < 0.01; 7-18, Log-rank chi-square = 15.21, df = 1, P < 0.01; 8-10, Log-rank chi-square = 67.70, df = 1, P < 0.01; and 9-5, Log-rank chi-square = 5.43, df = 1, P = 0.02), but differences corresponding to duration of the feeding period were not observed for cohorts 6-29 (Log-rank chi-square = 0.53, df = 1, P= 0.47) or 10-4 (Log-rank chi-square = 0.90, df = 1, P= 0.34) (Figs. 3, 5 ). In general, analyses, whether using degree-day adjusted or unadjusted survival, indicated the same differences between feeding period durations except for cohort 9-5. In either case, where differences occurred weevils that fed for 21 d tended to have higher survival than those feeding for 28 d. When survival of respective cohorts fed outdoors for 21 d was compared with that of cohorts fed under controlled conditions for 21 d, controlling for weevil sex and bled status, differences were detected for all cohorts except cohort 7-18 (Log-rank chisquare = 3.00, df = 1, P = 0.08) (Figs. 1, 6 ). Survival under controlled conditions was greater than for weevils held outdoors for cohorts 6-29 (Log-rank chi-square = 17.57, df = 1, P < 0.01) and 8-10 (Log-rank chi-square = 6.71, df = 1, P < 0.01). However, for cohorts 9-5 (Log-rank chi-square = 10.32, df = 1, P< 0.01) and 10-4 (Log-rank chi-square = 16.78, df = 1, P< 0.01) weevils held outdoors exhibited greater survival than those held under controlled conditions. Comparisons made on the basis of accumulated degree-days indicated fewer differences between the feeding treatments (Figs. 3, 7) . Survival was higher for weevils held under controlled conditions than for those held outdoors for cohorts 6-29 (Log-rank chi-square = 9.18, df = 1, P < 0.01) and 8-10 (Log-rank chi-square = 16.43, df = 1, P < 0.01). However, no differences in survival between feeding treatments were detected for other cohorts (7-18, Log-rank chi-square = 1.74, df= 1, P= 0.19; 9-5, Log-rank chi-square = 2.52, df = 1, P = 0.11; 10-4, Log-rank chi-square = 0.92, df = 1, P = 0.34). Therefore, when survival was adjusted for degree-day accumulations, differences in the survival Cumulative DD 128 Beginning 22 June curves of weevils held outdoors and those held under controlled conditions were less apparent than when survival was not adjusted.
II

Discussion
The most striking aspect of the results was the marked seasonality of survival exhibited by the weevil cohorts held outdoors. In general, the later weevils were placed into a host-free condition, the longer survival extended into the following season. These observations were consistent with numerous reports from temperate zones, that overwintering survival tended to increase the later weevils entered overwintering quarters (Bondy and Rainwater 1942 , Gaines 1935 , Hopkins et al. 1983 , Sterling 1971 , Taft et al. 1973 . However, the maximum observed duration of survival for each respective cohort did not strictly follow this pattern, presumably because increasing temperatures in the spring increased mortality of remaining weevils in the last cohorts.
Based on only these observations, it is tempting to attribute the enhanced survival associated with later entry into overwintering to seasonally increasing levels of diapause. Despite the probable role of seasonally increasing levels of diapause, several lines of evidence suggest additional factors influenced the seasonal patterns of survival, directly or through their influence on the incidence of diapause. With respect to the induction of diapause, the published literature is replete with inconsistencies and contradictions, but it has been widely accepted that short photoperiods and cool nighttime temperatures are important induction cues (Earle and Newsom 1964, Lloyd et al. 1967 ). Earle and Newsom (1964) also suggested the egg or early-instar larva perceives the photoperiodic cue and that the critical photoperiod for diapause induction is between 12 and 13 h. More recent work by Wagner and Villavaso (1999) modeled prediapause in the boll weevil using the assumption that the primary stimulus inducing diapause is decreasing photoperiod. According to their model, the earliest date of weevil emergence in the Lower Rio Grande Valley of Texas that permits exposure to decreasing photoperiods is 25 June. Survival patterns observed in this study were not completely consistent with these earlier reports, because substantial proportions of weevils in all cohorts fed and held outdoors exhibited extended hostfree longevity, and no seasonal pattern was observed for weevils held under controlled conditions. These observations are, however, consistent with the report of Spurgeon and Raulston (2006) , which indicated that diapause in the boll weevil could be controlled by manipulating the feeding regimen irrespective of fixed photoperiod or nighttime temperature.
In addition to the profound effect of temperature on mortality rates during the host-free periods, prevailing temperatures likely exerted additional effects during the feeding periods. In all but one cohort fed outdoors during the period of greatest degree-day accumulation, weevils fed for 21 d tended to have greater survival than those fed for 28 d. Furthermore, when survival was corrected for degree-day accumulation, weevils fed and held under controlled conditions (accumulating approximately 16.6 DD 128 per day) tended to exhibit greater survival than weevils fed outdoors during periods of the greatest degree-day accumulation. During periods when degree-day accumulations outdoors were more moderate, survival of cohorts fed outdoors was similar to that of cohorts fed under controlled conditions. These observations suggest a survival penalty associated with increased physiological time during the feeding periods.
Finally, corrections for accumulated degree-days tended to minimize, but did not eliminate, differences among survival curves of cohorts held outdoors. The degreeday adjustment assumed a linear relationship between degree-day accumulation and longevity. However, the base temperature of 12.8°C was empirical, and other physiological processes in the boll weevil such as reproductive development are strongly nonlinear (Spurgeon and Raulston 1998) . The degree-day approach also does not account for potential deleterious effects of temperature extremes experienced by weevils held outdoors during periods with the highest temperatures. Both of these limitations could introduce considerable error in adjustments to survival curves. These observations suggest the need for additional information regarding the influence of feeding period duration and the temperature-dependence of boll weevil host-free longevity.
The results of this study clearly demonstrate two important aspects of boll weevil ecology in the subtropics: (1) the increased overwintering survival associated with late-season cohorts, and (2) the marked influence of temperature on host-free survival. Both aspects have important consequences to control or suppression programs. The Texas Department of Agriculture imposes a 1 September deadline for stalk destruction in the Lower Rio Grande Valley. The importance of timely and thorough stalk destruction in limiting fallow-season reproduction of the boll weevil, as well as the opportunity for weevils to accumulate nutritional reserves to increase subsequent host-free longevity, is well documented (Summy et al. 1988 , Summy et al. 1993 , Rummel and Summy 1997 . Results of this study support these previous reports, but also suggest opportunity to reduce overwintering boll weevil populations through delayed planting of cotton. This tactic has been used successfully in other regions of Texas (Masud et al. 1985 , Fuchs et al. 1998 , and, based on seasonal patterns of survival observed in this study, could provide substantial benefits to boll weevil eradication efforts currently being conducted in the Lower Rio Grande Valley.
